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Summary The collision of the warm and salty southward ﬂowing Brazil Current and the cold
and relatively fresh northward ﬂowing Malvinas Current produces a strong frontal zone known as
the Brazil—Malvinas Conﬂuence Zone (BMCZ). This is featured by intense presence of eddies and
meanders and is one of the most energetic areas of the world oceans. We apply the statistical
method of Fisher—Shannon (FS) to the time series of sea surface temperature, derived from the
satellite Advanced Very High Resolution Radiometer (AVHRR) imagery, acquired from 1984 to
1999. The FS method consists of the joint application of Fisher information measure (FIM) and
Shannon entropy (SE), measuring respectively the degree of organization and the disorder of a
system. Our ﬁndings indicate that the FS method is able to locate very clearly the BMCZ, which
corresponds to the less organized and more disordered area within the area of conﬂuence
between the Brazil and Malvinas Currents.
# 2016 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecom-
mons.org/licenses/by-nc-nd/4.0/).
Peer review under the responsibility of Institute of Oceanology of the Polish Academy of Sciences.
§ The study was supported by the 2014—2016 Bilateral Project Italy-Argentina “Use of satellite technologies for large-scale oceanographic and
environmental studies over the Argentinean Continental Shelf' funded by MINCyT and MAECI.
* Corresponding author at: National Research Council, Institute of Methodologies for Environmental Analysis, Tito, PZ, Italy
E-mail address: luciano.telesca@imaa.cnr.it (L. Telesca).
Available online at www.sciencedirect.com
ScienceDirect
j our na l h omepa g e: www.e l se v ie r.c om/l ocat e/ ocea no
http://dx.doi.org/10.1016/j.oceano.2016.02.003
0078-3234/# 2016 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
188 J.O. Pierini et al./Oceanologia 58 (2016) 187—1951. Introduction
The South Atlantic's circulation presents several character-
istics that are very signiﬁcant for climate variability. In this
region, which is the main source of equatorial surface and
thermocline waters (Blanke et al., 1999; Matano et al., 1993;
Speich et al., 2007), the circulation affects the climate of the
surrounding continents by inﬂuencing the distribution of the
sea surface temperature (SST) through lateral advection
and/or by propagation of anomalies within the mixed layer
(Kushnir et al., 2002). The South Atlantic is linked with the
Indian and Paciﬁc Oceans, and therefore it provides a gate-
way by which the Atlantic meridional overturns.
In the South Atlantic, the Brazil—Malvinas Conﬂuence
Zone (BMCZ) is crucial to understand circulation and heat
transport processes (Wainer et al., 2000). The BMCZ is
located off the coast of Argentina and Uruguay, at the
convergence between the warm poleward ﬂowing of the
Brazil Current and the cold equatorward ﬂowing of the
Malvinas Current, between 358S and 458S latitude and
508W to 708W longitude. The conﬂuence of these two cur-
rents originates a strong thermocline and the formation of
many high energy eddies (Maamaatuaiahutapu et al., 1998)
(Fig. 1).
The Brazil Current carries warm subtropical water with
typical temperature values between 18 and 288C. It generallyFigure 1 Map of the Argentinean continental shelf with the
warm poleward ﬂowing Brazil Current (red) and the cold equa-
torward ﬂowing Malvinas Current (blue). Also indicated are the
Malvinas Current return (MC return), the Brazil Current extension
(BC ext.) and the Brazil Current return (BC return). The conti-
nent and the shelf up to the 1000 m and 200 m isobath are
indicated by dark gray and light gray line respectively. (For
interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)ﬂows in the upper 600 m of the ocean and its volume trans-
port at the conﬂuence zone is upwards of 20 Sv with speeds
over a half a meter per second (Evans et al., 1983; Memery
et al., 2000; Peterson and Stramma, 1990). The Malvinas
Current, a branch off of the Antarctic Circumpolar Current,
carries cold and relatively fresh subantarctic water, between
60 and 90 Sv and speeds varying from about 0.5 m s1 to
about 1 m s1. Interestingly, the Malvinas Current extends all
the way to the sea-ﬂoor, contrarily to the Brazil Current that
is a surface current. The temperature ranges typically around
68C (Vigan et al., 2000; Vivier and Provost, 1999).
After the collision with the Malvinas Current at around
388S, the Brazil Current branches off into two different
paths: the ﬁrst path is redirected back to the equator
creating a large anticyclonic eddy with the original Brazil
Current; the second one, which is much stronger than the
ﬁrst one deﬂects about 458E of its original tract poleward
(Maamaatuaiahutapu et al., 1998). On the contrary, after
the collision the surface ﬂow for the Malvinas Current
becomes much simpler, being redirected poleward, till
about 508S latitude where it once again is detached back
up by the Antarctic Circumpolar Current and heads East
(Matano, 1993).
The southeast deﬂected Brazil Current ﬂows just east of
the redirected Malvinas current at around 57.58W and
between 408S and 458S (Saraceno et al., 2004, 2006). In this
region SST gradients can be as high as 18C per kilometer. In
this zone, which is characterized by very high energy among
the world oceans (Gordon, 1989), the meanders, eddies, and
ﬁlaments are extraordinary. The strong mixing processes
cause high-speed cooling of subtropical waters conveyed
by the Brazil Current, characterizing this area as very impor-
tant for the circulation and heat transport processes (Wainer
et al., 2000). Provost and Le Traon (1993) report the high
inhomogeneity and anisotropy of the BMCZ at the mesoscale.
At shorter frequencies, the Brazil—Malvinas Conﬂuence
variability is intense and is principally governed by the yearly
and semi-annual cycles (Fu, 1996). Podesta et al. (1991) show
that the yearly periodicity is responsible for the most of the
SST variability in the southwestern Atlantic, and, in parti-
cular, of more than 80% of the SST variability on the con-
tinental shelf off the southwestern Atlantic Ocean. The
eddies, extremely energetic, are featured by intense rota-
tional velocity. Eight or nine different mesoscale eddies with
many other microscale eddies could exist at any time. Even if
many studies have been done on these high energy turbulent
mixing areas, the deep knowledge of these mesoscale pro-
cesses is still challenging and far from being completely
understood (Tokinaga et al., 2005).
Joint use of advanced statistical techniques and satellite
images have advanced our knowledge of the relevant scales
and features of ocean properties (i.e., Denman and Abbott,
1994; Doney et al., 2003; Lentini et al., 2002; McClain et al.,
1998; Stammer, 1997). The application of singularity analysis
to SST images has recently suggested a different conceptual
approach to the identiﬁcation of ﬂow patterns from satellite
images (Isern-Fontanet et al., 2007; Turiel et al., 2005).
Experimental studies of the chaotic properties of oceanic
processes have been performed for several years; for
instance, Osborne et al. (1986) and Brown and Smith
(1990, 1991) investigated deeply the chaotic behavior of
oceanic large and mesoscale motions.
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satellite images in the BMCZ have focused on the complexity
of the mesoscale surface structures. Podesta et al. (1991) and
Legeckis (1978), using National Oceanic and Atmospheric
Administration (NOAA) Advanced Very High Resolution Radio-
meter (AVHRR) imagery, revealed the highly time variability
of the southward extension of the Brazil Current and eddy
generation.
In our study, we aim at describing quantitatively the
temporal variations of the SST in the BMCZ by using a
statistical approach, the so called Fisher—Shannon (FS)
method, never used in the context of ocean dynamics and
in particular to investigate the variability of the SST. The FS
approach is based on the information content of the time
series using the statistical measures of the Fisher information
measure and the Shannon entropy, and is a powerful statis-
tical method to gain into insight the inner dynamics of a
complex system like the BMCZ.
2. Data
The SST data analyzed in the present study were part of those
produced for the western South Atlantic Ocean on the base of
the agreement between Servicio Meteorológico Nacional of
Argentina (SMN) and the University of Miami's Rosenstiel
School of Marine and Atmospheric Science (RSMAS). The
SST ﬁelds were derived from data collected by the Advanced
Very High Resolution Radiometer (AVHRR), (Olson et al.,
1988; Podesta et al., 1991), an infrared radiometer ﬂying
onboard polar-orbiting satellites of the National Oceanic and
Atmospheric Administration (NOAA). For more information
on the AVHRR and NOAA satellites, the reader is referred to
the Users' Guide available on www.noaa.gov. The data were
recorded at the HRPT Receiving Station operated by SMN in
Villa Ortúzar, Buenos Aires, Argentina.
The SST was subjected to atmospheric correction by
measuring radiance from the same ﬁeld of view at two
wavelengths (Anding and Kauth, 1970; McClain et al.,
1985).
The SST data were compared to in situ measurement for
the investigated area (Bava, 2004; Bava et al., 2002; Kilpa-
trick et al., 2001; Lentini et al., 2001; Saraceno et al., 2004).
The time span is 15 years, from July 1984 to July 1999 and
is constituted by 1080 5-day composite images with an
approximately 4 km  4 km resolution. The compositing is
done by keeping the warmest pixel among all images avail-
able for the 5-day period; in this manner, if a pixel is cloud-
contaminated, its temperature is generally lower than that
of a pixel in open water. As clouds move within the compo-
siting considered period, the same pixel on a subsequent
image may be cloud-free and, consequently, will have a
higher SST value. By keeping the warmest value in a series
of images, one would decrease the cloud coverage effect in
the composited image. However, despite the numbers of
individual composite images, cloud coverage would persist
over some areas at some times, causing that the SST retrie-
vals for some pixels are not valid in some composite images
(Bernstein and Chelton, 1985; Njoku, 1985; Njoku et al.,
1985). Fig. 2 shows the spatial distribution of the mean SST
value and, as an example, the time variation of ﬁve pixels in
the BMCZ.3. The Fisher information measure and the
Shannon entropy
The Fisher information measure (FIM) and the Shannon
entropy are statistical quantities well known in the context
of information theory, efﬁciently used to investigate complex
non-stationary signals. The FIM reveals how much organized
or ordered is a time series, while the Shannon entropy
informs on how much uncertain or disordered a system is.
The FIM was ﬁrst introduced by Fisher (1925) in the
context of estimation theory. Later, it was employed in large
variety of applications. Frieden (1990) employed the FIM to
represent the evolution laws of physical systems. Martin
et al. (1999, 2001) applied it to distinguish the time varia-
tions of electroencephalograms (EEG) in order to emphasize
signiﬁcant dynamic changes. Complex phenomena in the ﬁeld
of geophysics and environmental sciences, such as continuous
seismic signals measured in volcanic areas, electromagnetic
signals related with the generation of earthquakes, and time
series of atmospheric particulate matter were investigated
by using the FIM to get information about the dynamical
mechanisms governing their time variability and to detect
precursory signatures of critical phenomena (Lovallo and
Telesca, 2011; Telesca and Lovallo, 2011; Telesca et al.,
2010, 2011, 2009).
Shannon entropy quantiﬁes the uncertainty of the predic-
tion of the outcome of a probabilistic event (Shannon, 1948),
being, then, zero for a deterministic event. Instead of the
Shannon entropy, the so-called Shannon power entropy NX
(deﬁned below) is generally used to avoid the difﬁculty of
negative information measures that can arise when the Shan-
non entropy is used with a continuous distribution function.
Let f(x) be the probability density of the SST time series,
then its FIM is given by
FIM ¼
Z þ1
1
@
@x
fðxÞ
 2 dx
fðxÞ ; (1)
and its Shannon entropy is deﬁned as (Shannon, 1948):
HX ¼ 
Z þ1
1
fXðxÞ log fXðxÞ dx: (2)
As speciﬁed above, the notion of Shannon entropy power will
be used (Angulo et al., 2008)
NX ¼ 12pe e
2HX : (3)
The quantitative value of the FIM and the Shannon entropy
power depends on the right computation of the probability
density function f(x), estimation of which can be performed
by using the kernel density estimator technique (Devroye,
1987; Janicki and Weron, 1994) as shown in Eq. (4)
f^MðxÞ ¼
1
Mb
XM
i¼1
K
xxi
b
 
; (4)
with b the bandwidth, M the number of data and K(u) the
kernel function, which is a continuous non-negative and
symmetric function satisfying the two following conditions
KðuÞ  0 and
Z þ1
1
KðuÞ du ¼ 1: (5)
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Figure 2 Spatial distribution of the mean sea surface temperature (SST) value and, as an example, the time variation of ﬁve pixels in
the Brazil Malvinas Conﬂuence Zone (BMCZ). The SST spatial patterns clearly highlights the interactions between the warmer Brazil
Current and the colder Malvinas Current.
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Figure 4 Spatial distribution of the Fisher information measure
(FIM) of the SSTd. The BMCZ occupies the region with lower FIM.
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algorithm (2008) combined with Raykar and Duraiswami's
method (2006), in which a Gaussian kernel with zero mean
and unit variance is used:
f^MðxÞ ¼
1
M
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pb2
p XM
i¼1
e
ðxxiÞ2
2b2 : (6)
4. Results and discussion
The strong contrast in sea-surface temperature over the
southwest Atlantic makes satellite infrared and color images
particularly appropriate tools for studying the BMCZ. We
examined 15 years (1984—1999) of AVHRR images to analyze
the structure of the collision region (i.e., between 52.58W
and 568W and 368S and 408S) where the Malvinas and Brazil
currents produce a very active front.
Because of the presence of some anomalous SST values,
very probably due to errors, a data pre-processing was
performed and all the SST values deviating from the mean
of more than 3 standard deviations were ﬁltered out.
As shown in Fig. 2, the pixel time variation is subjected to
seasonal cycles that are necessary to be removed before
applying the FS method and to avoid any cycle-induced effect
on the results. Since the sampling time of the SST data is not
always regular, the cycles were not removed by using the
Fourier ﬁltering, but calculating for each 5-day composite
the anomaly SSTd = (SST  hSSTi) where the composite mean
hSSTi is calculated for each calendar day, e.g., 1st January, by
averaging over all years in the record. This ﬁltering proce-
dure for satellite data was already applied by Telesca and
Lasaponara (2005, 2006). Fig. 3 shows the spatial distribution
of the mean SSTd; as it can be clearly seen, the mean SSTd isFigure 3 Spatial distribution of the mean sea surface temper-
ature anomaly (SSTd). The mean SSTd is very low and homo-
geneously spatially distributed in the investigated area,
indicating that the time dynamics of each pixel is not inﬂuenced
by any bias due to persistent relatively high or low mean value.very low and homogeneously spatially distributed in the
investigated area. This indicates that the ﬁltering procedure
was correctly done and the time dynamics of each pixel is not
inﬂuenced by any bias due to persistent relatively high or low
mean value. To each SSTd time series the FS method was
applied. Figs. 4 and 5 show the spatial distribution of the FIM
and Shannon entropy, respectively.Figure 5 Spatial distribution of the Shannon entropy power of
the sea surface temperature anomaly (SSTd). The BMCZ occupies
the region with higher Shannon entropy.
Figure 8 Proﬁle of the SST mean value at 53.48W and varying
the latitude. The SST proﬁle increases as the latitude increases.
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classify the water masses at each pixel. What is striking
here, is that the FS analysis suggests that the order/organi-
zation structure of the time series of the pixels within the
zone occupied by the Brazil Current and of those occupied by
the Malvinas Current is rather the same. For instance, com-
paring the pixels, at longitude 53.48W and varying the
latitude, both the Shannon entropy (Fig. 6) and FIM
(Fig. 7) show that the pixels at latitudes from 328S and
368S (where the Brazil Current ﬂows) and those between
508S and 528S (where the Malvinas Current ﬂows) are
characterized by the same order/organization structures,
being featured by high FIM and low Shannon entropy values.
The same two sets of pixels, instead, are characterized by
very different SST patterns, being the ﬁrst set warmer than
the second set (Fig. 8). It is clearly visible that the conﬂuence
occupies the region with higher Shannon entropy (Fig. 5) and
lower FIM (Fig. 4) (as it can also be observed looking at
the latitudinal variation of the FIM and Shannon entropy Figure 7 Proﬁle of the Fisher information measure (FIM) at
longitude 53.48W and varying the latitude. The FIM shows that
the pixels at latitudes from 328S and 368S (where the Brazil
Current ﬂows) and those between 508S and 528S (where the
Malvinas Current ﬂows) are characterized by the same organiza-
tion structures, being featured by high FIM values.
Figure 6 Proﬁle of the Shannon entropy power at longitude
53.48W and varying the latitude. The Shannon entropy shows that
the pixels at latitudes from 328S and 368S (where the Brazil
Current ﬂows) and those between 508S and 528S (where the
Malvinas Current ﬂows) are characterized by the same order
structure, being featured by high low Shannon entropy values.(Figs. 6 and 7)); therefore, the FS analysis of the spatial
distribution of the SSTd reveals that the BMCZ can be quite
precisely spatially located, because it is characterized by
higher Shannon entropy and lower FIM.
These results point out to a peculiar dynamical character-
ization of the investigated area: the warmer water masses of
the Brazil Current and the colder water masses of the Mal-
vinas Current are dynamically similar in terms of order/
organization structure of the time series of the SST; while,
in the BMCZ, where the two currents converge, the level of
disorder (organization) of the structure of the SST time series
increases (decreases). Such increase of the level of disorder
is associated with a higher uncertainty and higher irregularity
of the time series of the pixels occupying the BMCZ. Since the
FIM and Shannon entropy have the capability to discriminate
between regular and chaotic trajectories (Martin et al.,
2001), the higher value of the Shannon entropy or lower
value of FIM in the BMCZ indicates the higher chaotic regime
that governs the dynamics of SST in the BMCZ.
This result is in agreement with the ﬁndings of Morel et al.
(2014), who applied to the BMCZ an analysis of speciﬁc
Lagrangian patterns in an unsteady chaotic ﬂow which orga-
nize the transport through the regional oceanic dynamic
features. The spatial distribution of their ﬁnite-time Lyapu-
nov exponent (FTLE) shows that the high-valued zone, which
corresponds to a high-mixing and high-variability zone, coin-
cides with the BMCZ. Even the spatial distribution of the
largest ﬁnite-time Lyapunov exponent (L-FTLE), estimated
by computing from the geostrophic velocities, shows that the
most intense values are over the BMCZ, whose dynamics is
associated to stirring processes that, in general, create
ﬁlaments, which are stretched in progressively thinner struc-
tures and are eventually dispersed by small-scale turbulence.
We performed a complementary analysis on the SSTd time
series calculating the mean SSTd gradient distribution. For
each pixel, at a speciﬁed time, the gradient magnitude is
calculated using centered differences as (Saraceno et al.,
2004):
kgradðSSTdðiÞÞk ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SSTdðix þ 1ÞSSTdðix1Þ
distðix þ 1; ix1Þ
 2s
þ SSTdðiy þ 1ÞSSTdðiy1Þ
distðiy þ 1; iy1Þ
 2
; (7)
Figure 9 Spatial distribution of the gradient of the sea surface
temperature anomaly (SSTd). Between 368S and 408S (respective-
ly, the northern and southern limits of the Brazil-Malvinas Collision
front), the mean SSTd gradient is characterized by the highest
values correlating well with the Shannon entropy and FIM.
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the X (analogously in Y) direction; dist is the distance in the X
(analogously in Y) direction. Then, the time average of all the
gradients for each pixel is calculated and the mean SSTd
gradient distribution is shown in Fig. 9. Alike the Shannon
entropy (Fig. 5) (FIM (Fig. 4)) on the along-shelf section shows
local maxima (minima), between 368S and 408S (which re-
spectively correspond to the northern and southern limits of
the Brazil-Malvinas Collision front), even the mean SSTd
gradient presents the highest values between these limits
(Fig. 9), and, thus, it correlates well with the Shannon
entropy and FIM. The mean SST (Fig. 2) shows that the
transition region from the colder subantarctic waters (8—
128C) to the warmer subtropical waters (>168C) occurs
within this zone. The inﬂection point in Fig. 2 is located
near to 38.28S, corresponding also to the latitude of the
maximum in the mean SSTd gradient. Thus we associate this
point (between 52.58W and 568W and 368S and 408S) to the
time-averaged position of the Brazil-Malvinas Collision front
along the section. The intersection between the along-shelf
section and the coincident mean positions of the Subantarc-
tic Front and Brazil Current Front as estimated by Saraceno
et al. (2004) is in good agreement with our results. In fact,
the mean SSTd gradient at the along-shelf section assumes
the highest values within a range of about 500 km between
38.28S and 408S (Fig. 6). This range of migration coincides
with separation between the frontal positions derived from
SST frontal probability maps obtained by Saraceno et al.
(2006, 2004).
The displacement of the front along the section is also
observed between the same range of latitudes for the rest ofthe available Shannon entropy data and for the remote
sensing SSTd gradient data set.
5. Conclusions
The upper layers in the western Argentine Basin present
intense current systems, such as the Brazil Current and the
Malvinas Current, which are associated with strong ther-
mocline fronts (Saraceno et al., 2004). Cross frontal mixing
creates small-scale thermohaline structures (Bianchi
et al., 1993, 2002), which may enhance the vertical stra-
tiﬁcation of subantarctic waters, and also lead to small-
scale SST exchange (Brandini et al., 2000). In addition,
current instabilities generate one of the most energetic
regions of the world oceans due to the strong presence of
eddies and meanders (Chelton et al., 1990). Such region is
known as the Brazil—Malvinas Conﬂuence Zone (BMCZ). For
the ﬁrst time, up to our knowledge, the SST time series
derived from the AVHRR satellite imagery, were analyzed
by using an advanced statistical method, the Fisher—Shan-
non method, which is capable of capturing the organiza-
tional features of a dynamical system. The calculation of
the Fisher information measure (FIM) and the Shannon
entropy power for all the pixel time series of SST covering
the continental shelf has revealed that the most disor-
dered and less organized structures in SST are located in
correspondence with the BMCZ. This result is in good
agreement with the most recent ﬁndings of chaotic beha-
vior detected in the BMCZ.
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